The study presents the current status of contamination with metals (Cu, Cr, Cd, Pb, Ni, Zn and As) and their anthropogenic or natural origin in the sediments of the Aries River Basin, Romania, affected by mining activities. The results indicated an enrichment of metals in the sediments. Different contamination levels of the Aries River and its tributaries were identified. According to sediment quality guidelines and contamination indices, the sediments from the Aries River were found to be highly contaminated with Cd, Cu and As, considerably with Zn and moderately with Pb and Ni. The right-bank tributaries were found to be more contaminated than the left-bank effluents, where only contamination with As of geogenic origin was identified. Principal Component Analysis enabled the identification of five latent factors (86 % total variability), reflecting the anthropogenic and natural origins of the metals. Arsenic, Cd and partially Pb were found to have a common anthropogenic origin, different from that of Cu. The statistical approach indicated also the geogenic origin of Pb due to its association with Ca, K, Na and Sr. Chromium and Ni were attributed to natural sources through their association with Mn, Fe, Al and Mg.
INTRODUCTION
Although an important branch of the economy, mining has a negative reputation for polluting surface water and sediments with solid wastes and acidic or circumneutral mine drainage that may contain significant metal levels. [1] [2] [3] Considering their toxicity and high bioaccumulation capacity, metals are among the 1020 LEVEI et al. most common pollutants of soil, water and biota. Sediments are preferred in regular environment monitoring as they represent a major sink for contaminants, have higher metal concentrations than water and lower temporal variability. [4] [5] [6] [7] [8] [9] Romania has a long mining history of precious (Au and Ag) and base metals (Cd, Cu, Pb and Zn), but the inappropriate management of wastes has generated long-term pollution and even accidents with transboundary effects. [10] [11] [12] [13] [14] [15] These events were the starting point for studies on water and sediment quality in mining affected catchments. [16] [17] [18] There are several studies regarding the impact of the opencast mining of porphyry Cu deposits and underground mining of auriferous pyrites on the Aries River Basin, but the origin and distribution of the contaminants in the area are still under debate. [19] [20] [21] [22] [23] [24] [25] The aim of this study was to assess the contamination level in relation to Romanian Sediment Quality Guidelines (RSQGs), 26 Consensus-Based Sediment Quality Guidelines (CBSQGs) of freshwater ecosystems 27 and several contamination indices, as well as to identify the origin of several metals (Cu, Cr, Cd, Pb, Ni, Zn and As) in the sediments of the Aries catchment, Romania.
MATERIALS AND METHODS

Site description
The Aries River (164 km in length) springs from the Bihorului Mountains and collects its tributaries on an area of around 3000 km 2 . The River crosses two towns (Campeni and Baia de Aries) and several villages with a total population of 40000 inhabitants. The riverbed is surrounded by forested hills at an altitude of 1000-1200 m. The Aries Basin is of high economic importance because of the large reserves of gold and base metals and also has outstanding tourism potential through its natural reservations and caves. 20, 28 The mining activities in the area encompassed the extraction of auriferous pyrite (Baia de Aries), Cu and Au ores (Rosia Montana), porphyritic Cu (Rosia Poieni) and Fe and Mg ores (Masca Baisoara). The ores were processed by flotation, while Au was extracted by the cyanide leaching procedure in Baia de Aries. Tailings and wastewaters were stored in several tailing ponds in the floodplain of the Aries River and its right-bank tributaries. Some of the mining and ore processing facilities were demolished, while others were conserved or have been abandoned. Currently, the opencast Cu mine at Rosia Poieni is in operation and the exploitation of gold and silver ores at Rosia Montana is planned to start. Although remediation measures have been undertaken, the centuries of mining activities and the poor management of the resulting wastes have led to deterioration of the ecosystem. 21, 23 
Sampling
Fifteen spot samples from the sediment top layer (about 0-10 cm) were collected along the Aries riverbed over a distance of 92 km (Fig. 1) . Sediment samples were also collected from tributaries in order to evaluate their possible contribution to the pollution of the main stream. Thus, samples were collected from 8 right-bank tributaries (Abrud, Stefanca, Muscani, Sesei, Harmaneasa, Cioara, Morilor and Rimetea), exposed in different extents to pollution by mining activities, and from 7 left-bank tributaries (Bistra, Valea Mare, Lupsa, Posaga, Ocolis, Ocolisel and Iara), situated outside the mining area. The sediment samples were collected using plastic shovels and transported to laboratory in polyethylene bags. The bulk sediment samples were oven dried at 105±5 °C, homogenized and sieved to pass through a 63-μm sieve. Fig. 1 . Map of the sampling points and mining facilities in the Aries catchment.
Sample preparation and instrumentation
The mineral composition of the river sediments was characterized by recording X-ray powder diffraction patterns employing a high-resolution Bruker D8 Advance diffractometer (Bruker-AXS, Karlsruhe, Germany) using the CuK α line. The metal contents in the sediments were determined by inductively coupled plasma optical emission spectrometry (ICP-OES) using OPTIMA 5300DV multichannel spectrometer (Perkin-Elmer, Norwalk, CT, USA), after aqua regia digestion according to ISO 11466:1995. 29 Thus, 1 g of sediment sample was subjected to digestion with 21 mL of 37 % HCl and 7 mL of 65 % HNO 3 . The mixture was allowed to react overnight at room temperature, and then boiled under reflux for 2 h. After cooling, the mixture was filtered and diluted to 100 mL with ultrapure water.
Accuracy of metals determination
The accuracy of metals determination by ICP-OES was tested by analyzing two certified reference materials (CRMs), namely BCR 701 Freshwater sediment and NCS DC 78301 River sediment purchased from LGC Promochem (Wessel, Germany). In accordance with Table I , the accuracy and precision for the determination of metals in the CRMs by ICP-OES were in the range of 92-105 % and 2.0-5.5 %, respectively.
Sediment quality guidelines and contamination indices
In order to screen sediments contamination, the metal contents were compared with the threshold values in RSQGs 26 complying with EU legislation. For the assessment of ecotoxic-ological risk and to predict the potential effects of metals on sediment dwelling organisms, the metal concentrations were compared with the CBSQGs for freshwater ecosystems. 27 For assessment of the extent of contamination in the catchment, several indices were calculated for the metals: the enrichment factor (EF, Eq. (1) Geoaccumulation index resulted from comparing the current concentration of the elements in the sediments with their background values: n 2 n geo log 1.5
where c n is the concentration of metal examined in sediments and B n is the geochemical background concentration of metal (n). Based on the Igeo values, seven pollution classes were defined, ranging from unpolluted to extremely polluted. Contamination factor of a metal was computed by dividing its concentration in sediment by its background concentration. According to CF values, sediments contamination was classified as low, moderate, considerable or very high:
Summation of CF values for seven metals (As, Cd, Cr, Cu, Ni, Pb and Zn) gave the contamination degree (CD) describing, according to Hakanson, 32 the quality of the sediments. Based on the CD values, the sediments were classified into four classes corresponding to: low (CD ≤ 8), moderate (8 < CD ≤ 16), considerable (16 < CD < 32) and very high contamination (CD > 32).
Statistical analyses
The normality of all data was assessed by the Shapiro-Wilk test, while the Mann--Whitney U test was used to assess significant differences between the metal contents in the main stream and its tributaries.
Multivariate exploratory techniques, such as principal component analysis (PCA), hierarchical cluster analysis (HCA) and linear discriminant analysis (LDA) are widely applied to evaluate water and sediment quality through data reduction and classification. [35] [36] [37] These techniques can be used to obtain relationships between parameters and sampling sites, or to identify the important factors and sources influencing sediment quality. 38 PCA was used to outline the anthropogenic or natural origin of contaminants and to assess their specific input from tributaries to the main stream. A previous study revealed that tailings deposited in the Aries River Basin pose high contamination risk for the sediments, especially by As, Cd, Cu and Pb. 39 HCA and LDA were used to group the sediments (sites) in relation to their degree of metal contamination. The statistical approach is useful in case of complex systems such as sediment as it offers the possibility to establish correlations or differences between multiple parameters or sites considered in a study. 40, 41 Given the complexity of real field circumstances, the study took into consideration seven metals likely to be of anthropogenic origin and metals normally present in sediments from natural sources (Na, K, Ca, Mg, Ba, Sr, Al, Fe and Mn). For the multivariate statistical analysis, all parameters were z-scale standardized (mean = 0; variance = 1) in order to avoid misclassifications arising from the different orders of magnitude of the studied parameters. 42 In order to define the geogenic and anthropogenic origin of the contaminants, PCA was applied on the standardized data, as this method is considered very efficient for this purpose. According to the Kaiser criterion, only the PCs with eigenvalue higher than 1.0 were retained and subjected to varimax rotation. Factor loadings used to determine the relative importance of a variable as compared to other variables in a PC were classified as "strong", "moderate" and "weak" corresponding to absolute loading value of >0.75, 0.50-0.75, and 0.30-0.50, respectively. 43 Positive values on each component are related to important inputs, whereas negative values correspond to low input. Hierarchical Cluster Analysis (HCA) and LDA allow the grouping of sampling sites based on their similarities. HCA was realized by means of the Ward linkage method using squared Euclidian distance as a measure of similarity. LDA in the standard mode was applied to construct the discriminant function for an adequate classification of sediments/sites sharing similar pollution levels. 41 The statistical analysis was performed using Microsoft Office Excel 2007 with XLSTAT plug-in (Addinsoft).
RESULTS AND DISCUSSION
Mineralogical composition of the sediments
The X-ray diffraction analysis emphasized the presence of silicates (quartz, SiO 2 and albite, NaAlSi 
Metal contents and sediment quality
The metal concentrations in the sediments from the Aries River and its tributaries are presented in Tables II and III . Although strictly speaking, As is a metalloid, the term metal will be used in this paper to include all the elements under discussion. Examination of data revealed high variability of the Cu, Zn, Cd and Fe content in the sediments collected from the main stream. Differences among metal concentrations in sediments from the left-side tributaries were small, while sediments from the right-bank exhibited a much larger variability for As, Cd, Cu, Pb and Zn. The Shapiro-Wilk test showed that the metal contents in the sediments did not follow a normal distribution (p < 0.05). Thus, to evaluate the similarity or difference in the contents of each metal between the main stream and its right/left side tributaries, the non-parametric Mann-Whitney U-test was applied. According to this test, the main stream was differentiated (p < 0.05) from the left side tributaries, situated outside the mining area, with respect to the Pb, Cu, Zn, As and Cd contents, and from the right side tributaries that drain the mining area with respect to the Pb, Zn, Cd, Ni and Cr contents.
The guideline values for metals used for the characterization of sediment quality are presented in Table IV . According to Romanian legislation, sediments are considered unpolluted if the metal content is lower than the corresponding threshold value. According to the CBSQGs, sediments are predicted to be non-toxic if the metal concentration is lower than the corresponding threshold effect concentration (TEC), while those with a metal content exceeding the probable effect concentration values (PEC) are predicted to be toxic. Sediments with a metal concentration between the TEC and PEC values are predicted to be neither the RSQGs for Pb, Cu, Zn, As, Ni, Cd, and Cr, while the TEC value for As was exceeded in 3 tributaries. Sediments from the right-bank tributaries revealed differences in terms of pollution and toxicity in relation to a particular contaminant. Differences in sediments ranking according to the two guidelines are because the RSQGs set the threshold values for the polluted or unpolluted status assessment, while the CBSQGs provide a basis for toxicity or non-toxicity prediction. However, good agreement between the rankings of sediments by the two guidelines was observed for Cu, Zn, Pb and Cr, while differences appeared in the case of As, Cd and Ni. The classification of the sediments from the Aries River and its tributaries of different pollution levels according to contamination indices are presented in Figs. [3] [4] [5] [6] . Figure 3 shows the enrichment of the metals in the sediments of the Aries River and the increase in pollution from upstream to downstream, which supports the role of the river in collecting contaminants from its tributaries. Values of the EF < 1.5 indicate a lithological source of the element, while values No enrichment (EF < 1), minor (1 ≤ EF < 3), moderate (3 ≤ EF < 5), moderately severe (5 ≤ EF < 10), severe (10 ≤ EF < 25), very severe (25 ≤ EF < < 50) and extremely severe (EF > 50) enrichment. 30 of the EF > 10 suggests an anthropogenic origin. 44 Values of the EF > 10 were found for As, Cd and Cu in sediments from the Aries River, for As, Cd, Cu and Pb in the right bank tributaries and As in the left bank tributaries, suggesting anthropogenic origins of these elements. ≤ 2) , moderately to heavily (2 < Igeo ≤ 3), heavily (3 < < Igeo ≤ 4), heavily to extremely (4 < Igeo ≤ 5) and extremely (Igeo > 5) polluted. 31 Figure 5 shows that the enrichment of metals in the sediments followed the order: Cr < Ni < Pb < Zn < Cu < Cd < As, which corresponded to different levels of contamination: very high for Cu, Cd, As (10 < CF < 11), considerable with Zn (CF =3.8), moderate with Pb and Ni (CF =1.4) and no contamination with Cr. Results indicated also the existence of local peaks, of which the most representative was S10 site with a CF values of 21 (Cu), 16 (Cd), 12 (As) and 8.4 (Zn) and an overall CD of 61. The sediments of the right-bank tributaries were found to exhibit moderate to very high degrees of contamination. The data showed different index pattern of right-bank tributaries with respect to As, Cu, Cd and Pb (Harmaneasa, Muscani, Sesei, Cioara and Stefanca). The Abrud River different-iated itself from the other tributaries by the high Zn content in the sediment. After the confluence of the right-bank tributaries with the Aries River, an increase of the metal loading in the sediment was observed (sites S4-S7), corresponding to a considerable contamination with Cu and Zn and very high contamination with Cd and As. Sediments from the left-bank tributaries showed moderate degrees of contamination and lower metal loadings. Their classification as moderately to heavily polluted according to Igeo and very high contaminated according to CF was mainly due to As. Interestingly, the contamination of sediments with As was found to increase from west to east (Posaga, CF = 4.5; Igeo = = 1.6; EF = 15; Ocolis, CF = 6.0; Igeo = 2.0, EF = 21; Ocolisel, CF = 8.2, Igeo = = 2.5, EF = 30; Iara, CF = 10; Igeo = 2.8 and EF = 40) and the same was true for the main stream. In the absence of anthropogenic sources on the valley of the left-bank tributaries, the presence of As was attributed to the mineralogy of the local bedrock. 
Multivariate statistics
The varimax rotated loadings of the five PCs with eigenvalues higher than 1 of the metal contents in sediments are presented in Table V . Five latent factors cumulated 86 % of the total variance and described different sources for the metals in the sediments. The first latent factor explaining 32 % represents sediment pollution with As and Cd (strong influence) and Pb and Cu (moderate influence) of anthropogenic origin, as suggested by the lack of correlation with naturally occurring metals, such as alkaline and alkaline earth elements. This factor was ascribed to the right-bank tributaries with very highly contaminated sediments, namely Harmaneasa (Pb, As and Cd), Muscani (As, Cd and Cu), Sesei (As and Cu) and Cioara and Stefanca (As). The second PC with 22 % of total variance was correlated with the natural input of Pb (moderate influence), as shown by the positive loadings with alkaline and alkaline earth elements of geogenic origin. The third factor exhibiting 14 % of the total variance was indicative for the natural origin of Zn (strong influence) in the sediments, confirmed by the concomitant positive loadings with Mn, Fe and Al. The most probable source of Zn was the Abrud River, as shown above. The fourth factor accounting for 10 % of the total variance had positive loadings with Ni and Cr of geogenic origin, since most sediments exhibited minor enrichment/low contamination with these metals. The natural source of Ni and Cr is consistent with the moderate influence of Mg on PC4, as its minerals act as host-rocks for Ni and Cr. 45, 46 In the Aries Basin, Mg minerals are associated with those belonging to the silicate and carbonate group, which explains the presence of Al in this factor, albeit with a weak influence on this factor. 45 The last PC explaining 8 % of the total variance is associated with anthropogenic contamination of sediments by Cu, especially through the Muscani and Sesei Tributaries as their sediments were found to be very high contaminated with Cu. The results are in good agreement with the mineralogical analysis. The presence of Ba in this factor is related to wastes from the processing of Cu ores. 47 The results of the HCA are displayed in Fig. 7 . The cluster C1 groups the elements of geogenic origin (Pb, Ca, K, Na and Sr) and supports the idea that the natural input of Pb from bedrock in sediments is more significant than the anthropogenic source identified by PCA. The association of Zn with Mn, Fe and Al in the cluster C2 confirmed the natural origin of Zn. The cluster C3 is divided in two sub-clusters, one of which confirms the natural origin of Cr and Ni following the correlation with Mg, and the other proving the anthropogenic origin of As, Cd and Cu. A similar origin of Ni and Cr was also found in the case of mine tailings deposited in the Aries River basin. 39 This shows the greater influence of the anthropogenic origin of As from the right-bank tributaries compared with the natural source of the left-side tributaries on the sediments in the main stream. The natural origin of Cr, Ni, Zn and the anthropogenic origin of As, Cd and Cu identified by the PCA and CA is in accordance with that suggested by their enrichment factors. The clustering of the sampling sites according to their contents of metals is presented in Fig. 8 . The sampling sites were clustered in two groups according to the contamination degree: moderate to considerable (C1) and considerable to very high contamination (C2). This grouping is in agreement with the contaminant distribution in the studied sites and was confirmed by LDA with a 90 (C1) and 85 % (C2) prediction, respectively. 
CONCLUSIONS
A comprehensive insight of the current status of sediment contamination with metals and the potential origin of contaminants in the Aries River catchment has been provided. Guidelines and contamination indices were used to evaluate the contamination of the sediment, while multivariate statistical approaches allowed for the clarification of the anthropogenic or natural origin of seven metals. The obtained results indicated metal enrichments in sediment in the order Cr<Ni<Pb<Zn<Cu<Cd<As. The enrichment factors of the metals and the degree of contamination of the sediments in the Aries River increased from upstream to downstream with local peaks, demonstrating that the River remained a collector for pollutants coming mostly from the mine-affected right-side effluents. Sedi-_________________________________________________________________________________________________________________________ (CC) 2014 SCS. All rights reserved.
ments of the Aries River were found to be very highly contaminated with Cd, Cu and As, considerably with Zn, moderately with Pb and Ni, and low with Cr. The right-bank tributaries were found to be very highly contaminated with Pb, As and Cd (Harmaneasa), As, Cd and Cu (Muscani), Cu and As (Sesei), As (Cioara and Stefanca) and Zn (Abrud). In contrast, the sediments from most of the left-side effluents were classified as very high contaminated only because of As. The PCA, HCA and LDA brought increased knowledge and contributed to a better understanding of the sediment pollution phenomena in the Aries River basin. The anthropogenic origin of As, Cd, Cu and some Pb in the main stream and the right-side tributaries was established. However, the anthropogenic source of Cu was found to be different from that of As, Cd and Pb. The geogenic input of Pb was confirmed by its association with Ca, K, Na and Sr in a common PC and cluster. The anthropogenic loading of As in the sediments from the right-side tributaries was much higher as compared to the geogenic one from the left-bank tributaries. Zinc occurred especially from natural source due to its retention on minerals containing Mn, Fe and Al and came mainly from the Abrud River. Nickel and Cr were found to be of natural origin according to their association with Mg.
